We have investigated the bound-to-continuum absorption of InGaAs quantum dots as a function of n-doping. We show that the combination of multipass waveguide geometry, large number of quantum dot layers, and spectrally broad absorption leads to significant spectral oscillations on the absorption spectra. The oscillations result from the standing wave pattern caused by the interference of optical beams incident and totally reflected at the sample/air interface. The spectral modulations on the absorption spectra should not be attributed to resonant intersublevel transitions.
I. INTRODUCTION
The study of quantum dot intersublevel transitions has recently attracted a wide interest. Intersublevel transitions between states of the conduction band either bound-tocontinuum transitions 1,2 or bound-to-bound transitions [3] [4] [5] can bring valuable information for quantum dot spectroscopy. Intersublevel transitions can also be used to develop quantum dot infrared phototodetectors and numerous studies have been reported in this field. [6] [7] [8] [9] [10] One difficulty in the study of quantum dot absorption is the precise assignment of the optical transitions from the transmission spectra. The transition between the ground state and the first excited state, usually denoted as S-P transition, can be easily observed at low or room temperature in transmission measurements at normal incidence since this transition is in-plane polarized. The situation is different for bound-to-continuum transitions which are mainly polarized along the z-growth axis 11 and thus require the use of a multipass geometry to investigate the polarization dependence of the absorption and to couple light with an electric field along the growth axis. 1, 12 Another advantage of the multipass geometry is to allow an increase in the absorption amplitude as compared to a single pass. In principle, this type of measurement is not an issue and it has been widely used to study quantum well intersubband transitions. As compared to quantum wells, the study of InGaAs/GaAs quantum dots in the mid-infrared presents however some specificities. As the quantum dot density is relatively small, i.e., 4 ϫ 10 10 cm −2 for standard growth conditions, the absorption of a single layer is quite small. This problem can be circumvented by growing a large number of quantum dot layers ͑80 for example͒ resulting in a large active total thickness. The second specificity is the large broadening of the bound-to-continuum transitions which can be larger than 150 meV. As intersublevel absorption is spanned over a large spectral range, the observation of interference effects is more likely to occur. The role of interferences can become detrimental since they can mask tiny features that should be observed on the absorption spectra. [13] [14] [15] Among these tiny features is the transition from S to "D" levels, as defined in Ref. 16 . These transitions have been theoretically predicted to occur around 100-120 meV using a eight band k · p formalism for the three-dimensional solution of the Schrödinger equation. 17 This transition has been experimentally evidenced by resonant second harmonic generation experiments 18 or single dot absorption spectroscopy. 16, 19 Its direct observation in absorption measurements on quantum dot ensembles is more difficult, although it has been claimed to be observed in Refs. 20 and 21.
In this work, we have investigated the spectral dependence of the bound-to-continuum absorption in InGaAs quantum dots as a function of the doping. This study allows to distinguish the features associated with the bound-tocontinuum absorption and those associated with interference effects in the multilayers. The interference effects resulting from the standing wave pattern due to total internal reflection are evidenced through their dependence as a function of the incident angle in the multipass geometry. These measurements allow to better understand the mid-infrared spectroscopy of quantum dots.
II. SAMPLES AND EXPERIMENTAL SET-UP
The studied self-assembled InGaAs quantum dot samples were grown by molecular beam epitaxy on semiinsulating GaAs substrates by depositing pure InAs on GaAs. They consist of 80 InGaAs quantum dot layers separated by 50 nm thick GaAs spacer layers. The total thickness of the active structure is thus 4 m. The quantum dots are modulation-doped using a silicon delta doping 2 nm beneath the InGaAs layer. The dot density n 0 is 4 ϫ 10 10 cm −2 . The nominal doping is varied between 0.5 carrier per dot and 3 carriers per dot on average. For infrared spectroscopy, the absorption of the samples is either probed at normal incidence or using a multipass waveguide with polished facets at 45°. The number of total internal reflections at the quantum dot active region/interface is 10. The measurements presented below are performed at room temperature with a Fourier transform infrared spectrometer. We have also performed experiments at low temperature to probe the S-P optical transition. The transmission measurements are performed in s and p polarizations. s polarization corresponds to an electric field polarized in the quantum dot layer plane while the p polarization has electric field components along the z-growth axis and in the layer plane. Each transmission spectrum is normalized by the transmission recorded for the same incident polarization with a reference multipass sample with undoped quantum dots. The spectra presented below correspond to the ratio of transmission in p polarization ͑T p ͒ divided by the transmission in s polarization ͑T s ͒. This ratio allows to highlight the contribution of the quantum dot absorption polarized along the growth axis. It partly removes the contribution of free carrier absorption which starts to be significant below 150 meV for the doped samples with 3 n 0 . Figure 1 shows the dependence of 1 − T p / T s at room temperature for different nominal dopings. The inset in Fig. 1 shows a zoom on the absorption spectrum of the sample doped at 0.5 n 0 . The maximum of absorption is observed at 180 meV and corresponds to the bound-to-continuum absorption from the ground state.
III. RESULTS
1 A small shoulder can be observed at 120 meV as well as another one at 240 meV. These shoulders are more clearly evidenced for samples with higher dopings because of the better signal to noise ratio and the increased broadening of the transitions. For the sample doped at n 0 , the resonance around 120 meV starts to dominate the absorption spectrum, the resonance at 180 meV is still present while the shoulder at 240 meV is more clearly evidenced. The same trend continues as we increase the nominal doping and the resonance at 120 meV becomes even more pronounced on the spectra. Since different resonances are present, the assignment of the quantum dot optical transitions is not straightforward as different optical transitions might contribute. The z polarized transition from the S ground state to the wetting layer states and GaAs continuum is the most obvious candidate. Transitions from the S state to the D states could also contribute as they are expected to occur around 100-120 meV. 16 A small contribution to the absorption from the excited states can also exist even if, with a 3 n 0 nominal doping, the quantum dots are only partly filled at room temperature. This feature is a consequence of the thermal emission which reduces the absorption amplitude by a factor of 3-4 between low temperature and room temperature. 5 Measurements performed at room temperature and normal incidence on the same samples show that, as the doping increases, the inhomogeneous broadening of the S-P transition increases. We also observe a small redshift of the S-P transition as the doping increases. This redshift and broadening increase are a consequence of the quantum dot occupancy and Coulomb effects within the quantum dots. 22, 23 Figure 2 shows a comparison of the absorption spectra measured for an incident angle on the facet of 0°͑i.e., 45°i nside the material͒ and an incident angle on the coupling facet of 45°obtained by rotating the sample ͑i.e., 57°inside the material measured from the normal of the quantum dot planes͒. The striking feature is the strong blue-shift by more than 20 meV of the resonances as the incidence of light is modified.
IV. MODELING OF INTERFERENCES
Several features might contribute to the interferences. As the 4 m quantum dot stacking is doped, it is characterized in the investigated spectral range by a lower real value of refractive index of refraction as compared to the semiinsulating GaAs substrate ͑resistivity Ͼ10 7 ⍀ cm͒. This change of refractive index gives rise to different reflection coefficients in s and p polarizations between the 4 m thick doped layer and the GaAs substrate and might lead to oscillations in the transmission spectra. This effect has been previously evidenced in absorption spectra of quantum dots embedded between heavily doped layers used for contacts. 8, 24 We have modeled this effect using a transfer matrix method. However, it turns out that this effect cannot explain the experimentally observed features. In such model, the oscilla- tions are only significant in s polarization. In p polarization, there is almost no oscillation in the transmission spectra since the incident angle is very close to the Brewster angle inside the material and hardly no reflection occurs at the interface between the doped and undoped layers. Experimentally, modulations on the transmission spectra are observed in p polarization but not in s polarization. The change of refractive index between the layers, which would have a significant impact with highly doped structures, cannot explain the presently observed oscillations. The origin of the oscillations is the following. In the total reflection geometry, a standing wave pattern developes because of the interference of the incident and reflected waves at the sample/air interface. The total reflection leads to a significant phase shift ͑around 150°for an incident angle of 45°͒. This phase shift is at the origin of the quasinode of the electric field along the z-growth axis close to the GaAs/air interface and consequently leads to a vanishing z polarized absorption for a layer close to the surface. This effect was pointed out in the study of quantum well intersubband transitions. 25 The formation of standing wave patterns close to the surface was widely discussed in the framework of quantum well intersubband absorption measurements 26, 27 and also in order to describe the performances of quantum well infrared photodetectors. 28 It results in a spatial modulation of the electric field along the z-growth axis with a periodicity which depends on the wavelength and consequently leads to an effective renormalization of the absorption amplitude. This effect becomes significant for the quantum dot samples as the absorption has to be integrated over a thickness which is of the order of the wavelength in the material ͑ / n͒. Meanwhile, we are looking at broad transitions and consequently investigate a large spectral range, a case which differs from the one usually encountered with quantum wells. According to Ref. 26 , the spatial modulation of the light intensity polarized along the z-growth axis is given by
where k z =2n cos͑␣͒ / , n is the refractive index, ␣ the incident angle at the interface, and ␦ ʈ the phase change at the total reflection for p polarized light. To obtain the quantum dot absorption, one has to integrate this standing wave pattern intensity over the 4 m thick quantum dot layer as the absorption depends on the local amplitude of the square of the electric field. The effect of this intensity distribution is illustrated in Fig. 3 where the spatial intensity profile at 100 meV is shown in the inset. The bottom curve of Fig. 3 shows the modulation of a Gaussian-broadened absorption centered at 180 meV, corresponding to the situation for the sample doped with 0.5 n 0 . The Gaussian absorption corresponds roughly to the bound-to-continuum quantum dot absorption even if it does not account for the asymmetry of the absorption profile. One observes shoulders around 120 and 240 meV as in the experiments, indicating that these modulations are a direct consequence of the interference patterns. If the Gaussian maximum is shifted to lower energy, the resonance around 120 meV can become even more pronounced. This effect is also shown in Fig. 3 ͑top͒ for a Gaussian centered at 125 meV. This situation corresponds to the case of the more heavily doped sample. This shift of the bound-to-continuum transition is a consequence of the change in the quantum dot population distribution and Coulomb effects as observed on the S-P transition. In the calculation, the value of 125 meV was chosen in order to reproduce the respective amplitudes of the resonances at 120 and 180 meV. If a baseline is subtracted from the experimental data, the respective amplitudes of these resonances can be modified, leading to a change in the energy value of the bound-to-continuum resonance. Because of this baseline, the amplitude of the Gaussian absorption was also adjusted in order to fit the experimental amplitude. In the modeling, the incident angle was set to 47°, a value slightly different from the nominal one since it provides a better agreement. This change of 2°reflects the uncertainties of the experimental measurements. As seen in Fig.  3 , the regularly spaced oscillations on the spectra ͑ϳ60 meV͒ are a consequence of the quantum dot layer thickness. Clearly, the resonance around 120 meV is not a signature of bound-to-bound S-D intersublevel transitions. The energy shift of the resonances coming from the change of the incident angle is illustrated in Fig. 2 through the full lines which correspond to the modeling for two distinct incident angles. As seen, the standing wave effect explains the dependence of the absorption shape as a function of the angle. The change in the incident angle results in a 20 meV shift of the resonances as observed experimentally. The key features resulting from this modeling are the following: the only transition which contributes to the absorption is the bound-to-continuum transition. The origin of the additional features which can be observed on the spectra is associated with interference effects which are more easily evidenced when absorption is broad. They are not associated with bound-to-bound transitions. Features associated with bound- FIG. 3 . ͑Color online͒ Comparison between the modeling of the absorption spectra taking into account the interference effects due to the standing waves ͑full lines͒ and the experimental measurements ͑dashed lines͒. ͑a͒ The bottom curve takes into account a Gaussian absorption centered at 180 meV corresponding to the quantum dot sample doped at 0.5 n 0 as shown in the inset of Fig. 1 . The curve labeled 2 n 0 takes into account a Gaussian absorption centered at 125 meV with a broadening multiplied by a factor 1.3 as observed on the S-P absorption. The curves have been offset and normalized for clarity. The inset shows the calculated intensity profile of the z component of the electric field at 100 meV over the 4 m thickness.
to-bound transitions like the S-D transitions might only be evidenced in absorption or photocurrent spectra once the standing wave patterns and interference effects are taken into account.
Another possibility to experimentally avoid the interferences is to perform the measurements in a slab waveguide geometry as done in Ref. 17 or to reduce the total thickness of the quantum dot layers. Figure 4 shows the effect of the quantum dot layer total thickness on the interference appearance. The curves have been normalized to unity and offset for clarity. Spectral modulations are clearly observed for thicknesses larger than 2 m. This 2 m threshold thickness obviously depends on the resonant wavelength of the bound-to-continuum intersublevel absorption as it is correlated with the periodicity of the intensity distribution. This spatial periodicity is given by / ͓2n cos͑␣͔͒ and is equal to 2.2 m for 10 m wavelength. As seen in Fig. 4 , the interferences are not observed for thicknesses below 2 m. The drawback of the thickness reduction is the decrease in absorption amplitude for a single pass. This effect can however be counterbalanced by an increase in the number of passes in the multipass geometry.
V. CONCLUSION
We have shown that the measurement of quantum dot intersublevel absorption in the mid-infrared is influenced by three features. The quantum dot bound-to-continuum absorption is mainly z polarized. Except for measurements on slab waveguides, the absorption is usually measured using a multipass geometry. The absorption amplitude of a single quantum dot layer is rather weak and the measurement of this absorption usually requires to stack a large number of layers, resulting in active region thicknesses of several micrometers.
The quantum dot absorption is spectrally broad, thus increasing the probability to observe interferences on infrared absorption spectra which usually covers a large spectral range. The multipass geometry results in the formation of standing wave patterns with an intensity spatial periodicity which depends on the wavelength. Since the thickness of the quantum dot layers is usually of the same order of magnitude than the spatial periodicity of the light intensity, the integrated absorption over the total number of quantum dot layers is spectrally modulated. Consequently the standing wave pattern needs to be taken into account in order to interpret the absorption spectra. We have experimentally shown a good agreement between experimental absorption measurements and modeling for InGaAs quantum dot samples with various doping densities and two distinct incident angles. Three distinct approaches can lead to an unambiguous interpretation of the quantum dot absorption spectra: ͑i͒ an appropriate modeling of the standing wave pattern, as done in this work. ͑ii͒ A reduction in the number of quantum dot layers which can be compensated by an increase in the number of passes. ͑iii͒ The measurement of absorption using a slab waveguide geometry. In the latter case, it requires to embed the quantum dot layers into a thick dielectric slab waveguide. 
